Abstract-Micro-Doppler signatures from four CAD aircraft engine models and one experimental engine model are analyzed using joint time-frequency analysis (JTFA). The signatures are obtained from shooting and bouncing rays (SBR) simulation for the CAD models and from measurement for the experimental model. The JTFA results give additional useful physical feature information regarding the respective engines, such as whether the number of blades is odd or even and the length of blades, in addition to the number of blades, which can be extracted by traditional spectrum analysis.
INTRODUCTION
Jet engine modulation (JEM) has been widely used as an outstanding non-cooperative target recognition (NCTR) method. JEM is the Doppler characteristics of radar signals scattered from rotating compressors in an engine. The features of a jet engine for the purpose of recognition can be extracted from the Doppler characteristics.
Bell developed a parametric model based on periodic modulation of the scattered return using autocorrelation, JEM spectrum, and cepstrum [1] . The parametric model analysis could give just the number of blades in each stage. In other published studies, timeor frequency-only analysis techniques have been applied to JEM analysis [2] , while joint time-frequency analysis (JTFA) has been applied to human gait or the rotors of a helicopter [3, 4] . However, the application of JTFA to aircraft engine models has not been reported so far, although it can give more information than time-or frequency-only analysis.
We have investigated various techniques of JTFA [5] [6] [7] [8] [9] [10] and present JEM analysis using the JTFA technique, which is applied to time-varying radar cross section (RCS) data, which is acquired from the commercial software package, virtual aircraft framework (VIRAF, by IDS inc. in Italy) using the shooting and bouncing rays (SBR) technique [11] [12] [13] [14] for four types of aircraft engine CAD models. In addition, we fabricated one engine model and measured it by the instrumentation radar. The measured data are analyzed to validate the possibility of JEM analysis using JTFA on numerically yielded time-varying RCS data.
The JTFA results yield additional useful physical features of the respective engines, such as odd/even check and the length of blades in addition to the number of blades from traditional time-or frequencyonly analysis. This paper describes micro-Doppler signature [15, 16] analysis using the JTFA technique for aircraft engine models and additional extracted information in detail. The analysis results for aircraft engine CAD models are given in Section 2, and the analysis results of the fabricated engine model are given in Section 3. In Section 4, summary and conclusions are presented.
AIRCRAFT ENGINE CAD MODELS AND ANALYSIS

Aircraft Engine CAD Models
Four aircraft engine 3D CAD models imitating real engines were designed in detail using the commercial software CATIA for electromagnetic simulation and to obtain JEM data. The complete CAD models are shown in Fig. 1 , and the related dimensions and the numbers of blades are given in Tables 1 and 2 , respectively.
In Table 2 , models A and C are high bypass types, which mean that the ratios of bypassed airflow to combustor airflow are high for fuel efficiency. Aircraft engines related to models A and C are used in the C-5 Galaxy military transport aircraft and the Boeing 787 commercial 
Analysis
Radar micro-Doppler signatures were extracted from aircraft engine CAD models described in the previous subsection using JTFA by the following procedures:
1. JEM data extraction using VIRAF. 2. JTFA application to JEM data. 3. Radar micro-Doppler signatures extraction and analysis.
In stage 1, each model is simulated using SBR-based VIRAF simulation packages, and the simulation parameters shown in Table 3 are used. VIRAF is specialized in radar signature prediction and management for aircraft platforms, and in particular, it is possible for VIRAF to simulate JEM analysis using SBR. Fig. 3 shows the simulated JEM data of model A when the incident angle is 10 • .
The number of blades can be extracted by traditional time or frequency analysis from Fig. 3 [1] . That is, the spool period can be extracted from the time domain signal using autocorrelation or cepstrum, and the number of blades can be extracted from the outstanding spectrum in the frequency domain JEM data by dividing the spool period, which was obtained from the time domain.
In stage 2, short time Fourier transform (STFT) is adopted as representative for JTFA, and it is defined as in [17] as where s(t ) is the signal to be transformed, and w(t ) is the window function. Figure 4 shows a spectrogram of model A when the incident angle is 10 • .
The spectrogram includes a variety of information. Time or frequency resolution can be adjusted by controlling the window size. With a relatively small window, JEM signal components, appearing as horizontal lines in Fig. 4(a) , can be extracted using high frequency resolution. With a relatively large window, more information can be extracted, as seen in Fig. 4(b) . Blade period indicates the period when a blade rotates from the original position to the adjacent position as seen in Fig. 4(c) . Outer components may indicate maximum Doppler 
where f d,max is the maximum Doppler shift frequency, ω is the angular speed, L is the length of blade, α is the aspect angle defined as the angle between the hinge direction and the radar line of sight (LOS), and C is the constant considering cavity effect. If the aspect angle is predicted using radar tracking information, the length of blade information can be estimated with some error from the cavity effect and the STFT window effect. Although the maximum Doppler-shift frequency in the spectrogram can be varied according to window size, the relative length information of each engine under the same window condition will not change; thus, it is possible to extract real blade length in case of suitable compensation with respect to window size. This length information is additional useful feature that can facilitate aircraft engine recognition.
The vertical lines in Fig. 4(c) indicate that the number of blades is even because the Doppler components of approaching and receding occur at the same time in the case of an even number. The relative length of blades and odd/even check information cannot be obtained by the traditional technique; thus, the proposed technique increases the possibility of high-quality target recognition. If the signal-to-noise ratio (SNR) is not enough high for the parametric JEM model, the number of blade would be easily under-or over-estimated by one. In this case the proposed odd/even check provides a means to avoid this error. Fig. 4 . In this case, the outer component is smaller than model A because the blade length is shorted than that of model A. The slanted lines in Fig. 5(b) indicate that the number of blades is odd because the Doppler components of approaching and receding occur alternately.
The estimated information for four engine models is tabulated as shown in Table 4 . It can be observed that the odd/even check is available for all cases, and the length of blades can be estimated with small errors from cavity effects. In model A case, the length of second stage blades are estimated because second stage blades are longer than first stage blades unlike models B, C and D cases. In addition to the information of the number of blades, this information from JTFA can increase the possibility of high-quality NCTR by complementing the traditional technique.
A FABRICATED AIRCRAFT ENGINE MODEL AND ANALYSIS
An aircraft engine model was designed and fabricated. The complete CAD model and rotating part are shown in Fig. 2 , and the related dimensions are described in Tables 1 and 2 . The JEM data was acquired from measurement of the fabricated jet engine models using an instrumentation radar system. The radar system and jet engine parameters are shown in Table 5 . Figure 6 shows a spectrogram of the fabricated aircraft engine model when the incident angle is 10 • . The spectrogram with measured data is more complicated and irregular than those for simulations because of noise and the environmental effects of measurement. In Fig. 6(a) , period indicates the spool period. It can be seen that Spectrogram data of the fabricated aircraft engine models through IIR filtering and STFT is shown in Figs. 6(b) and (c). The spectrogram is more regular and the blade period is clearer, and further it can be observed that the odd/even check is available from vertical and slant components. It can be observed that the length of blade information can be estimated with some errors from the STFT window effect, cavity effect, noise and environmental effects of measurement. In this case, the STFT window size of 64 is more suitable than the size of 32 to estimate accurately the length of blade information. The techniques described in this paper should be developed and extended to make suitable compensation with respect to window size, but the fundamental principles can still be followed.
CONCLUSION
We acquired JEM data from electromagnetic simulation by VIRAF and measurement by instrumentation radar. We made a detailed analysis of jet engine modulation signals of aircraft engine models systematically using JTFA for the first time. It was shown that unique spectrograms related to JEM signals from jet engine structures can be obtained. The obtained spectrograms showed additional information beyond traditional analysis such as odd/even check of the number of blades and the length of blades. These results can be very useful for the analysis of jet engine modulation and to enable high-quality NCTR by complementing and assisting traditional analysis.
